We describe CP violating observables in resonant W ± and W ± plus one jet production at the Tevatron. We present simple examples of CP violating effective operators, consistent with the symmetries of the Standard Model, which would give rise to these observables. We find that CP violating effects coming from new physics at the T eV scale could in principle be observable at the Tevatron with 10 6 W ± decays.
Introduction
The origin of CP violation remains one of the unsolved questions in particle physics. It is therefore very important to search for signals of CP violation in all the experimentally accessible systems. The Tevatron has now accumulated a sample of about 50000 W ± events and samples of 10 7 events should be possible eventually. This makes it timely to think of testing CP violation in W ± production and decay. In this paper we study the processes pp → W ± and pp → W ± + 1 jet. 2 Some CP odd observables in these processes involve the polarization of the W ± boson. It is, therefore, convenient to allow the W ± to decay leptonically into ℓ ± ν pairs and study the complete processes pp → ℓ ± ν + 0 or 1 jet. In this way we recover some information on the direction of the vector boson polarization by measuring the charged lepton momentum. Although it is also possible to construct observables for hadronic W ± decays, we will not consider that case in this paper to avoid the complications of hadronization.
In this paper we adopt the strategy of searching for small CP violating contributions to a dominant process instead of looking for potentially larger effects in rare processes. We therefore limit our discussion to CP odd observables in the decay chains pp → W ± + 0 or 1 jet → ℓ ± ν + 0 or 1 jet (1) and consequently we study these processes in the narrow width approximation. We concentrate on the dominant parton subprocesses, ignoring for example, top-quark distribution functions in the proton, CP violation in the parton distribution functions, and CP violation that occurs only at higher twist. It is, of course, possible that there are CP violating effects that vanish within our approximation. An example in ℓν production arises from the interference of the one-loop electroweak corrections to the resonant W ± Standard Model amplitude with a non-resonant CP violating four-fermion new physics interaction. This example has been studied by Barbieri et. al [3] .
It should be clear that the CP odd observables that we discuss are predominantly sensitive to CP violation in the udW vertex and in the W ℓν vertex and these are the same vertices which are probed in pion decay π → ℓν.However, there are several scenarios under which the direct W production and decay processes are more sensitive to CP violation than the corresponding pion decay. This is true in the examples we discuss for at least one of the following reasons:
• The new physics (at a high energy scale Λ) that violates CP contributes to the effective W (q)f f ′ vertex in a way proportional to (q 2 /Λ 2 ) n , n ≥ 1. Since q 2 ≪ Λ 2 , the leading contribution will be for n = 1. The effects from the new physics on direct W production and decay are therefore enhanced over effects in pion decay by at least a factor M 2 W /m 2 π ∼ 3.5 × 10 5 .
• The absorptive phases needed to construct T -even observables 3 are larger in W production and decay. An example is the case where the absorptive phase is due to a rescattering of the final state with electroweak strength. This would be the case if the new physics generates an effective four-fermion interaction that contributes to the W f f ′ vertex at the one-loop level. In this case, the absorptive phase introduces an additional suppression factor of order Γ W /M W ∼ 3% for direct W production and decay, whereas it introduces a suppression factor of order G f m 2 π ∼ 10 −8 for pion decays.
• Processes with a sufficient number of independent four-vectors to construct Todd triple products are suppressed at low energy. In direct W production and decay we can look for events with one jet, suppressed by a factor of α s with respect to the lowest order QCD process. In pion decays we need a three body decay mode with the measurement of a polarization or a four body decay mode. Three body decay modes are four orders of magnitude smaller than π → ℓν and polarization measurements are extremely difficult. Four body decay modes are nine orders of magnitude smaller than π → ℓν.
Kaon decay experiments tell us that the CP violating phases in the Standard Model are extremely small. In addition, CP odd observables in the standard model vanish in the limit of massless light fermions, and are thus even smaller at higher energies [4] . The Standard Model does not produce a sufficiently large CP violating signal to be observed in the processes we study [5] . Popular extensions of the standard model in the context of CP violation include multi-Higgs models. In these models CP violation is also proportional to fermion masses and thus negligible in processes like du → W − → e − ν at high energy. We will, therefore, work from the assumption that studies of CP violation at colliders will only be sensitive to non-Standard Model sources. Furthermore, we will not consider a specific model for CP violation, but instead we will use an effective Lagrangian approach to parameterize possible CP violating operators. We will further assume that the origin of these operators lies in the physics that breaks the electroweak symmetry. With a linear realization of the symmetry breaking and a light Higgs, all the operators of dimension 6 have been given in Refs. [6, 7] . With a non-linear realization of the symmetry breaking sector, anomalous fermion-gauge-boson couplings have been described in Ref. [8] . Here we consider just a few of these operators to illustrate the physics, but it should be obvious that a similar analysis can be applied to other operators.
There have been a number of studies of CP violation at colliders that concentrate on effects due to the top-quark or multiple W production Ref. [9] . We concentrate on single W production and complement the work of Refs. [3, 10] . We will not discuss detector issues at all, except to make the obvious statement that the detector must be "CP-blind" in order to carry out these studies. We limit ourselves to offer a "proof in principle" that CP violation could be observed in W ± decays at the Tevatron.
We assume that the proton and anti-proton beams are unpolarized, and that the polarization of the lepton is not measured. In this case, it is only possible to construct T -even observables for this reaction. Some CP odd observables have been listed in Ref. [5] . Here we discuss a few simple observables of this type in the context of a CP violating four-fermion interaction due to physics beyond the minimal standard model.
Here we work in the pp center of mass frame and denote by X the CP conjugate of X. Also, we have only considered those kinematic variables that can be observed, in this case the momenta of the beam and the lepton. It is conventional to take the z-axis as being the direction of the proton beam, and to use rapidity and transverse momentum as the kinematical variables. Recalling that the lepton rapidity is given by (all variables in the pp center of mass):
and the lepton transverse momentum by:
where θ is the angle between the proton and lepton momenta in the lab frame, one can see that under a CP transformation
In terms of these variables we can, therefore, construct CP-odd observables such as:
where σ ± refers to σ(pp → ℓ ± νX). Of course, it is also possible to construct CP odd observables based on more complicated correlations, but we will not pursue that route in this paper. 4 To generate the CP odd observables in Eq. 5 it is necessary to have an absorptive phase. We consider CP violating four-fermion operators, and their one-loop contribution to the W f f ′ amplitudes. The effective four-fermion operators consistent with the symmetries of the Standard Model are listed, for example, in Ref. [6, 7] . Since we want to interfere the CP violating amplitude with the lowest order standard model amplitude, we choose a four fermion operator of the form O (3) ℓq in the notation of Ref. [6] :
This operator is similar to the one studied in Ref. [3] , chosen so that its interference with the Standard Model is not suppressed by powers of light fermion masses. We keep the same normalization as Ref. [3] which considered ℓ ± ν production away from the W ± resonance. We consider the operator Eq. 6, instead of a similar one with ud quarks (used in Ref. [3] ) for two reasons. First, for the operator with ud there is a cancellation between two contributions to pp → ℓ ± ν as discussed in Ref. [3] . This cancellation is exact for the resonant process that we study here, but it does not occur for the operator with cs of Eq. 6. Also, whereas there are several indirect constraints from low energy experiments on the operator with ud [3] , analogous constraints on the operator in Eq. 6 depend on naturalness assumptions.
We compute the one-loop effects of Eq. 6 in the W f f ′ vertex as sketched in second diagram represents the absorptive part of the one-loop contribution from the operator in Eq. 6. This absorptive part contains the CP violating coupling sin φ, and can be easily computed using the Cutkosky rule. We obtain an amplitude for ud → e − ν:
We see that the CP violating contribution to the amplitude is proportional toŝ = (p e + p ν ) 2 and is thus suppressed in pion decay. The corresponding amplitude for ud → e + ν is:
From these results it is clear that all the differential cross sections can be obtained by multiplying the minimal Standard Model results by an overall factor that depends only onŝ. For example:
The total hadronic cross-section is obtained as usual: integrating with the parton distribution functions. Within our assumptions, all CP violation occurs in the parton subprocess and the parton distribution functions satisfy
In this context, the asymmetries in Eq. 5 can be trivially computed using the narrow width approximation to replaceŝ with M 2 W in the overall factor. They are:
In order to observe a signal at the one-standard deviation level, we require that the number of events, N, be greater than
The Tevatron is therefore, in principle, capable of observing CP violation coming from new physics at the T eV scale with a sample of about 10 6 W ± events. We have argued that it is unlikely that CP violation in pion decays can place a significant constraint on the strength of this operator. Nevertheless, there are indirect constraints on the strength of the CP conserving part of operators like Eq. 6. This can be seen by looking at the gauge invariant version of the operator O (3) ℓq in the notation of Ref. [6] :
where Q = (u, d) and L = (e, ν). This contains the term:
which contributes to the decay K + → π + νν. Using the present experimental bound [12] , BR(K + → π + νν) < 10 −9 , we obtain a limit,
Assuming that the couplings of operators involving first and second generation fermions are of the same order, this becomes an indirect constraint on the scale appearing in Eq. 6.
In this process there are several parton subprocesses that contribute at leading order in α S and there are enough independent four-vectors to give rise to T -odd correlations. Ref. [5] has listed several CP odd observables for this system. We consider a few simple observables generated by a CP violating effective udW operator that respects the symmetries of the Standard Model. Working again in the pp center of mass frame, a CP transformation takes the
In this case, the CP transformation takes all the particles that form the jet into their respective anti-particles and reverses their momenta. To use jet variables we assume that the algorithm that defines the jet is CP blind in the sense that the probability of finding that a collection of particles with certain momenta forms a jet is the same as the probability of finding that a collection of the respective anti-particles with the momenta reversed forms a jet [13] . With these definitions, we see that the observable kinematic variables are the rapidity and transverse momentum of the lepton and the jet. By the same arguments of the previous section, we can construct CP odd observables identical to those in Eq. 5. In this case there are additional distribution asymmetries obtained by replacing y ℓ by y jet and p T ℓ by p T jet in Eq. 5. For example, the same CP odd interaction of Eq. 6 would generate the same asymmetries as in Eq. 10.
It is also possible to have T -odd correlations in this process. The interest of these correlations lies in the fact that they can generate CP odd observables without requiring additional absorptive phases and thus may test different types of CP violating physics than the T -even asymmetries. To construct a CP violating observable we have to compare the correlations induced in W − plus jet production with those induced in W + plus jet production, in the same way that we constructed CP-odd asymmetries from T -even observables.
For the W + 1 jet process there is one T -odd correlation that can be observed; in the lab frame it is given by the triple product p ℓ · ( p beam × p jet ). There are several equivalent ways to use this correlation to construct a T -odd observable. The basic idea is to define the plane formed by the beam and jet momenta and count the number of events with the lepton above the plane minus the number of events with the lepton below the plane:
where A ± refers to the observable for W ± events (or ℓ ± ν events). A practical way to implement this observable in the calculation (or in the experiment) is to weigh the matrix element squared for a parton subprocess (or to weigh the observed event) by the sign of p ℓ · ( p beam × p jet ). From the CP transformation for this reaction, we see that CP symmetry predicts that A + = A − . In a manner analogous to the T -even observables of Eq. 5, it is useful to construct not only the fully integrated asymmetry, but asymmetries for distributions as well. One obvious reason is that the simultaneous study of the different distribution asymmetries provides a handle on the possible CP odd biases of a detector. Another reason is that it is possible for the integrated asymmetry to vanish while having non-vanishing asymmetries for distributions. Some T -odd CP odd observables are then:
where y and p T can be the rapidity and transverse momentum of the lepton or the jet (or the W ). We have chosen to normalize the asymmetries with respect to the respective differential cross-sections. This is because non-zero but CP conserving T -odd correlations arise only through final state interactions and are thus generally small. With our normalization we obtain dimensionless asymmetries that are not misleadingly large. We now turn our attention to a simple effective interaction that can generate some of these asymmetries. For W plus jet production the only parton subprocesses that can give rise to the T -odd correlation are gd → uW − , gu → dW − and ud → gW − . These subprocesses receive contributions from the diagrams shown in Figure 2 G and the crossed diagrams. The first two diagrams in this figure correspond to the ones occurring in the standard model with the W vertex replaced by an effective vertex that includes new physics and is represented by the full circle. In general, this vertex will contain derivative couplings and SU(3) c gauge invariance will require a contact interaction as depicted in the third diagram. Similarly, electromagnetic gauge invariance will require a contact interaction involving a photon. The interaction with the photon does not contribute to the process we study, but is important for pp → W γ.
In order to generate a CP-odd triple product correlation, we need interference between the different diagrams that give rise to each parton subprocess. This will only occur if the diagrams have different phases.
An effective CP violating W ud coupling, can be written down in the non-linear realization of electro-weak symmetry breaking as done in Ref. [8] . In unitary gauge it contains the couplings:
where there is CP violation if κ has an imaginary part. It is easy to see that this operator will not generate a triple product correlation of the type we want because both diagrams 5 in Figure 2 have the same phase. A study of the diagrams in Figure 2 reveals that it is possible to give them different CP phases, if the CP violation is generated by an operator that depends on the momentum carried by the fermions in the W f f ′ coupling. This leads us to consider a higher dimension operator, similar to Eq. 17, of the form:
The notation is the same as that in Ref. [8] : in unitary gauge Σ = 1 and Σ
µ± . For the processes of interest there will only be one W boson and no Z bosons, so the covariant derivatives refer only to QED and QCD:
We present some of the Feynman rules from Eq. 18 in Figure 3 . From these Feynman 
rules it is clear that this operator will give different CP phases to the diagrams in Fig. 2 and will induce a CP violating triple product correlation. 5 For this operator there would not be a contact interaction as in the third diagram.
For the gluon initiated process gd → ue − ν we find that the interference of the new interaction with the lowest order standard model amplitude generates the contribution to the spin and color averaged matrix element squared, (within the narrow width approximation):
where
W is the total W decay width and
We ignore interference terms which do not contribute to the CP violating observables in Eq. 16. For our estimates we use for the matrix element squared for this process the sum of the standard model contribution and Eq. 20. We take the convention that p 1 , p 2 are incoming and p 3 , p e , p ν are outgoing. The other parton level sub-process amplitudes can be found using crossing symmetry:
We have done a numerical simulation to estimate the size of the asymmetries of Eq. 16 induced by the interaction Eq. 18. We impose a cut on the jet rapidity that simulates the typical acceptance at the Tevatron |y jet | < 3. For illustration purposes we choose the cut p T jet > 30 GeV to define the jet. Increasing the value of this cut reduces the total number of events but increases the signal to background ratio because the CP odd contribution is not peaked at low p T .
We present our results for Im κ = 1 and Λ = 1 TeV in Eq. 18, and remind the reader that they scale as Im κ/Λ 2 . We find that the fully integrated asymmetry R 1 vanishes for the interaction Eq. 18. To our knowledge, there is no reason for this asymmetry to vanish in general, so this result is specific to the example we chose.
In Figure 4 we present the distributions of the observable Eq. 15 with respect to the lepton rapidity generated by the CP violating interference Eq. 20. The corresponding (CP conserving) distributions for the Standard Model vanish to the order we work (they are non-zero at higher order in QCD [14] ). From that figure we can see that although the distributions do not vanish as a function of the lepton rapidity, the integrated observable does vanish. As explained before, a non-zero value of these distributions is not a signal of CP violation. Rather, the signal of CP violation is the fact that the distribution for W + at a given value of y e is not equal to the distribution for W − at the value −y e . Figure 4 : Asymmetries dA − /dy e (solid line) and dA + /dy e (dotted line) normalized to the lowest order Standard Model cross section σ(pp → e ± νjet).
In Fig. 5 we present the asymmetry in the lepton rapidity distribution R 2 (y ℓ ). At the one standard deviation level some 10 6 W ± plus one jet events would be needed to observe this asymmetry. Measurement of this asymmetry for arbitrary values of y e is complicated by the fact that the acceptance of the detector must be the same for y e and −y e . Figure 5 shows that the asymmetry doesn't necessarily vanish at y e = 0, making this a particularly interesting point to search for CP violation.
We show in Figure 6 the distributions of the A ± correlations with respect to the lepton transverse momentum. The CP violating nature of the interaction is reflected Figure 5 : CP violating asymmetry in the lepton rapidity distributions as defined in Eq. 16. We used Λ = 1 TeV and Im κ = 1 in Eq. 18 in the fact that the two distributions have opposite signs. Normalizing as in Eq.16 we present R 3 (p T e ) in Figure 7 . The rise in the asymmetry for large values of p T e Figure 6 : Asymmetries dA − /dp T e (solid line) and dA + /dp T e (dotted line) normalized to the lowest order Standard Model cross section σ(pp → e ± νjet)
is due to the decrease in the standard model distribution dσ/dp T e which is peaked around M W /2. This increase in the asymmetry is thus accompanied by a decrease in the total number of events.
Conclusions
We have constructed several CP-odd asymmetries that can be used to search for CP violation in W ± +(0, 1) jet events in pp colliders. We have estimated the contributions to these asymmetries from some simple CP violating effective operators that respect the symmetries of the Standard Model. Assuming that the scale of the new physics responsible for these operators is 1 TeV, we find that it is possible to search for CP violation at the Tevatron with as few as 10 6 events. Similar observables can be constructed for other processes such as pp → W ± γ. 
